Introduction
The timing of maturation in insects is determined by reaching a critical developmental stage, at which development becomes committed to metamorphosis (e.g. Nijhout, 1981) . The critical stage is a well-de®ned developmental stage, marked by a small ecdysone pulse (Berreur et al., 1979) . It leads to a shift in hormonal levels, which sets the stage for further developmental changes (Riddiford, 1993) . The critical stage occurs during the last larval stage, generally well before metamorphosis. Development after the critical stage is limited to a narrowly de®ned time period until the onset of pupation in holometabolous insects (Beadle et al., 1938; Bakker, 1959 Bakker, , 1961 Robertson, 1963; Nijhout & Williams, 1974) or adult ecdysis in hemimetabolous insects (Blakley & Goodner, 1978) . The duration of this time period seems not to have been the subject of research.
In a number of species, the critical stage is attained at a relatively constant size (Nijhout & Williams, 1974; Blakley & Goodner, 1978; Nijhout, 1979) , indicating that the decision to enter the critical stage is based on some size-related character. Some species need an additional stimulus, like a minimal intake of nutrients (Wigglesworth, 1934; Nijhout, 1979; Zda Â rek, 1985) or the presence of members of the opposite sex (Beck, 1971) , before development will proceed.
In Drosophila melanogaster, the critical stage occurs right after the second moult. After the critical stage, the developmental period is no longer affected by resource levels and can be completed in the absence of food (Beadle et al., 1938; Bakker, 1959; Robertson, 1963; Fourche, 1967) . A reduction of growth rate before the critical stage increases the larval period, but does not affect adult size (Beadle et al., 1938; Robertson, 1963) . This observation indicates that the critical stage coincides with the attainment of a relatively constant weight. The size of a larva at reaching the critical stage of Keywords: critical weight; food level; genetic variation; insect metamorphosis; temperature.
Abstract
Timing of puparium formation in Drosophila melanogaster is set by reaching a critical stage at which larvae attain the ability to pupariate. This critical stage is reached at a relatively constant size characterized by the mean critical weight, i.e. the weight at which 50% of surviving larvae pupate without further feeding. The mean critical weight might be affected by larval growth conditions. This hypothesis was tested by determining the mean critical weight in larvae raised at three temperatures and two food levels, for two isofemale lines from two populations. Pupariation probability is a function of larval weight. The two environmental variables affect pupariation probability and mean critical weight differently. Food level does not affect critical weight but affects weight-independent mortality; higher temperatures lead to a reduction of mean critical weight. Mean critical weight shows substantial differences between lines; the differences are maintained over temperatures. Genetic variation in mean critical weights has ecological and evolutionary implications. commitment to pupariation is referred to as its critical weight. The critical weight is a symptom of the underlying physiology and need not imply a direct relation between size and the decision to pupariate. Under a symmetric distribution of critical weights over larvae in a strain or population, the mean critical weight is the weight at which 50% of the larvae attain the ability to enter the next developmental stage. The mean critical weight has been regarded as the characteristic critical weight for a Drosophila strain (Bakker, 1959 (Bakker, , 1961 (Bakker, , 1969 Robertson, 1963; Royes & Robertson, 1964) .
Larval critical weight will partly determine the way age and size at maturity respond to environmental variation (Bernardo, 1993) , and is therefore important in life history evolution. The larval developmental period is determined by the time needed to reach the critical weight and the time from the critical stage to pupation. Final body weight is determined by the critical weight and the possibilities for additional growth before the onset of pupariation, as determined by the availability of resources (e.g. Robertson, 1963 ). This basic model, ®rst proposed by Bakker (1959) , seems to explain the widely observed reduction of body weight and increase in development time at reduced food levels in Drosophila (e.g. Robertson, 1960; Bakker, 1961; Gebhardt & Stearns, 1993) .
Increased temperatures during the preimaginal stages in Drosophila lead to a reduction in adult size (e.g. Ray, 1960; David et al., 1983; de Moed et al., 1997) and development time (e.g. David et al., 1983) and an increase in larval growth rate (e.g. Partridge et al., 1994; de Moed et al., 1998) . The way growth and development interact in response to temperature, leading to smaller body size at higher temperature, is still unclear. The smaller adult size may result from a stronger increase in development rate as compared to growth rate (van der Have & de Jong, 1996) , or from a lower critical weight, at higher temperatures.
The main assumption of Bakker's model, the presence of a mean critical weight which is unaffected by growth conditions, has as not yet been tested. All direct measurements of the mean critical weight or pupariation fraction were performed under optimal food conditions (Bakker, 1961 (Bakker, , 1969 Church & Robertson, 1966; Fourche, 1967; Partridge et al., 1994) and no studies estimate the mean critical weights as affected by temperature.
In this study we tested the constancy of the mean critical weight over various temperatures and food levels. The effect of environmental conditions on the mean critical weight was determined on isofemale lines from two populations from different latitudes known to differ in adult size (Noach et al., 1996; de Moed et al., 1997) . We tested whether these differences in size involve genetic differences in mean critical weight, and whether these genetic differences are maintained over environments.
Materials and methods

Lines
Fertilized females were collected at Montpellier, France (Fra), by the authors, and at Nijengzi, Tanzania (Tan), by Dr J. J. M. van Alphen of Leiden University, and used to start isofemale lines. These lines were cultured in replicate 50-mL bottles on a standard corn meal medium at 17.5°C for 60 generations, at a minimal population size of about 500. Two of these isofemale lines were used from each population (Fra11, Fra24, Tan6, Tan71).
Experimental conditions
Growth conditions of the larvae were varied by changing food quality and ambient temperature. Vials were kept at either 17.5°C, 22.5°C or 27.5°C at 60% relative humidity. Different food qualities were created by varying the concentration of dead yeast in the medium. The experimental media contained 20 g sucrose, 19 g agar, 1 mg nipagine and either 8 g or 32 g dead yeast powder in 1 litre tap water. Larvae were grown under axenic conditions to get reproducible and well-de®ned diets. Eggs were sterilized in a 3% hypochlorite solution for 15 min (Sang, 1956 ). Vials (diameter 3.5 cm) containing 10 mL media were inoculated with 150 5 eggs per vial.
Mean critical weight for pupariation
The mean critical weight for pupariation was estimated by determining the probability that a larva of known weight is able to pupariate when deprived of food. For each environmental condition and line, larvae were collected The larvae were collected at different ages during the 2nd and 3rd larval stage: at six ages at 27.5°C, and at eight ages at 22.5°C and 17.5°C; ages were chosen to represent more or less comparable larval stages. Larvae of each age were collected from a separate vial; this results in 36±48 data points from which to estimate mean critical weight for each line and environmental condition. At each age larvae were collected and sorted by eye into six replicate groups; a group was composed of eight larvae with approximately equal body weights. Each group of larvae was weighed (Mettler ME22 microbalance), transferred to 2% agar medium to prevent dehydration, returned to their treatment temperature and scored for fraction pupariation. Weight variation within each group is expected to be small. The gradual increase in pupariation fraction with mean weight will therefore represent variation in critical weight between larvae. The mean critical weight will be found at 50% pupariation, in the absence of other mortality factors, if the distribution of critical weights is symmetrical over larvae.
Analysis
The relation between larval fresh weight and the fraction pupariation per group of eight larvae was analysed by generalized linear modelling, using maximum likelihood estimates. Because a fraction of even the largest larvae will not pupariate, we introduced an age-and weightindependent probability of pupariation (1 A d). The mechanisms determining d are assumed to act directly before pupariation. Estimation of the models was done in two stages: one to determine the weight-independent probability of pupariation (1 A d), and one to determine the weight-dependent probability of pupariation p, where larval weight was log-transformed to improve the ®t of the model (full model: ddev. 15.25). Any age-dependent mortality factors are inextricable from weight-dependent factors. The probability of pupariation p depending on larval weight W was modelled using a logit transformation (Finney, 1971) :
where p is the expected pupariation fraction based on larval weight, d equals the fraction larvae unable to pupariate independent of weight and p* equals the overall pupariation fraction. The mean critical weight (W at p 0.5) was determined from the regression parameters, as W 50 Ab 0 /b 1 . The full model includes the in¯uence on fraction pupariation of Weight, the environmental treatments Temperature and Food Level, the genetical treatment Lines and all interactions between them. Treatment effects and their interactions were tested by removing terms consecutively from the model. As the full model showed no overdispersion there was no need for using a heterogeneity factor (see Table 1 ). The difference in deviance from consecutive models was tested against a chi-square distribution with degrees of freedom equal to the difference in number of parameters of the models. Analyses were performed using S-plus v3.3 for Windows.
Results
The relation between larval weight and the fraction of larvae pupariating under different environmental conditions is shown in Fig. 1 . Under all conditions, some fraction of even the largest larvae never pupariate. Under poor food conditions, the fraction pupariation in heavy larvae is lower than under rich food conditions. This effect was attributed to a difference in weightindependent mortality d. In the logit analysis, larval weight (W), food levels (F), temperatures (T) and lines (L) and all their interactions are used in a full model ®tted to all data. Weight is always retained in the model; other factors are consecutively removed from the full model ®tted to all data ( Table 1 ). The logit analysis shows that removing the factor food level F from the model always leads to a highly signi®cant change in the ®t of the model, independent of the order of removal of the factors. This implies a signi®cant effect on d between food levels. No consistent effect of temperature on d could be shown. Lines do not differ in d at any of the environmental conditions (Table 1 ). The weight-independent mortality d was over twice as high on poor food (Rich food: d 0.051; Poor food: d 0.131). Larvae with a similar weight, but grown on different food levels, therefore show physiological differences which affect their ability to pupariate.
The estimated logit regression lines of pupariation fraction to log larval weight for each line and each environmental condition, using a constant d within each food level, are plotted in Fig. 1 . The slopes of the logit regression lines (Fig. 1) indicate that substantial variation in critical weight exists among larvae within each line (CV 38 17%; see Materials and methods). The mean critical weight was estimated as the weight at 50% pupariation after correction for weight-independent mortality d, i.e. at 47.5% and 43.5%. The logit regression analysis testing for differences in the relation between log larval weight and the fraction pupariation due to different food levels, lines and temperatures after the weightindependent mortality d has been removed is presented in Table 2 . Changes in the ®t of the model with low statistical signi®cance will not be interpreted. The level of food does not affect the mean critical weight for each of the lines, as indicated by the nonsigni®cant Food and Table 1 Logit regression analysis testing differences in the weightindependent mortality d between different lines (L), temperatures (T) and food levels (F). Factors, including all interactions with other factors, were tested by removal from the full model. Remaining factors (italics) were tested by subsequent removal from the reduced model. Signi®cance of each step is indicated by *P < 0.05, **P < 0.01, ***P < 0.001. Food*Line effects. Food level affects weight-independent mortality, not weight-dependent mortality.
The mean critical weight differs consistently between lines at each temperature, as can be seen from the high signi®cance of the main effect Line after removal of the Food*Line and Temperature*Line interactions ( Table 2 ). The Tanzanian lines show a lower mean critical weight than the French lines (Fig. 2) , pointing to a genetic difference due to the geographical origin of the lines.
Temperature effects on mean critical weight are relatively small compared with the genetic differences in critical weight, but are highly signi®cant (Table 2, main effect T). A reduction of temperature leads to a higher mean critical weight, especially at the lowest temperature. This effect of temperature appears to be more pronounced in the two French lines (Fig. 2) . In order to investigate whether the temperature effect on pupariation differs between the France lines and the Tanzania lines, a series of logit regression models was implemented by starting from the model containing only main effects but no interactions (Table 3 , model 1). To this model, a Line*Temperature interaction was added for the two France lines together, as well as a Line*Temperature interaction for the two Tanzania lines together, leading to model 2 (Table 3 ). The deviance is signi®cantly lowered by offering two degrees of freedom: the temperature effect on fraction pupariation therefore differs between the France lines on the one hand and the Tanzania lines on the other hand, as is re¯ected in Fig. 2 . Ignoring the subdivision of the four lines in two Tanzania and two 
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France lines (model 5 in Table 3 ) does not lead to any signi®cant improvement from keeping the lines subdivided by geographical origin: lines do not differ within populations. In the Tanzania lines some temperature effect is present; model 4 in which no Line*Temperature interaction for the Tanzania lines was implemented had a signi®cantly worse ®t than models 2 and 5 (Table 3) . A marginally better model can be found in model 3, which assumes the in¯uence of 22.5°C on pupariation to be the same as that of 27.5°C. Although model 3 is not signi®cantly different from model 2, which assumes all three temperatures to have different effects, the balance of low parameter number and low deviance indicates a slightly better ®t to the data (Table 3) .
Mean critical weight was also estimated using a weight-independent mortality d that is speci®c for each line; the difference in mean critical weight found by this method and the mean critical weight estimated using a constant d per food level (Fig. 2) proved marginal, indicating robustness of the estimates.
Discussion
This study shows that in Drosophila melanogaster the probability of reaching the pupal stage depends upon larval weight and larval physiology. Larval physiology, independent of larval weight, is affected by feeding conditions. The probability of reaching the larval stage as mediated by larval weight is genetically variable and affected by the temperature conditions during larval development. For each strain, the larval chance of reaching the pupal stage is summarized in the mean critical weight, i.e. the weight at which half the larvae that subsequently survive attain their ability to pupariate without further feeding. The mean critical weight is lower at higher temperatures. However, a reduction of food level does not affect the mean critical weight, thus con®rming Bakker's (1959) basic model for larval growth within set temperatures. Marked genetic differences were observed in mean critical weight between lines of different geographical origin, differences which are maintained with temperature. The effects of temperature on the mean critical weight are relatively small as compared with the observed genetic differences.
Few data are available on the effect of growing conditions on the mean critical weight for pupariation. Partridge et al. (1994) observed that in larvae with a similar weight, the fraction pupariation is higher in larvae that grow faster. We observed a similar reduction in the pupariation fraction with the reduction of food level; the reduction of food level causes a 30% reduction in growth rate (De Moed et al., 1998) . However, the reduction in pupariation fraction is maintained in larvae with a high weight, indicating that its mechanistic basis is unrelated to Table 2 Logit regression analysis testing differences in the relation between log larval weight and the fraction pupariation for different lines (L), temperatures (T) and food levels (F). Models include separate parameters for weight-independent mortality d for both food levels. The main factors were tested after consecutive removal of all higher order interactions containing that factor. Signi®cance of each step is indicated by *P < 0.05, **P < 0.01, ***P < 0.001. the attainment of the mean critical weight. Within each food level, fast larval growth and high mean critical weight go together in our lines. Larval growth rates of the two France lines are higher than larval growth rates of the two Tanzania lines (De Moed et al., 1998) . The response of the mean critical weight to temperature parallels the generally observed reduction of adult body size with temperature (e.g. Ray, 1960; David et al., 1983) . The observed reduction in mean critical weight largely agrees with the reduction in adult body weight of some 10% between 17.5°C and 27.5°C (e.g. David & Clavel, 1967) . This does not necessarily imply a causal relation between the weights at the two developmental stages. Both mean critical weight and mean ®nal larval weight, and thereby adult weight, result from the interaction between growth rate and development rate. A stronger increase in development rate with temperature as compared to growth rate results in a reduction of weight with temperature (van der Have & de Jong, 1996) . A similar effect of temperature on growth rate and development rate throughout larval development will result in a similar response of mean critical weight, i.e. the average weight at the critical stage, and larval weight at pupariation.
The observed genetic differences in mean critical weight suggest that substantial genetic variation exists in mean critical weight between natural populations of Drosophila melanogaster. This raises the question how critical weight is related to ®tness and adaptive strategies to cope with environmental variation. It has been suggested that the critical size is determined by the minimal weight that will allow the production of a functional animal (Slansky & Scriber, 1985) . In Drosophila melanogaster, adults emerging from larvae of low critical weight show a low fecundity and are often infertile (personal observation). Furthermore, mating success in males is strongly related to male body size (e.g. Partridge & Farquhar, 1983) , suggesting that the minimal size of the larva to produce a competitive adult is substantially larger than the critical size.
The critical weight seems to play a more general role in the individual's life-history. The critical weight is pivotal in the trade-off between age and size at maturity, determining the strategy to respond to varying growth conditions. Drosophila funebris and D. immigrans are similar sized as adults, but the critical weight is smaller and the critical stage is set at an earlier stage in development in D. funebris than in D. immigrans (1.5 mg vs. 2.38 mg; Royes & Robertson, 1964) . Development time will therefore be less affected by poor growth conditions in D. funebris. As a consequence, body weight in D. funebris is more sensitive to the growth conditions than in D. immigrans (Royes & Robertson, 1964) . A postponed critical stage may be selected in species where the extension of the developmental period under poor food conditions may have little ®tness consequences, as in univoltine insects, and the maintenance of a large size under poor conditions gains a larger selective advantage. In species inhabiting ephemeral habitats, such as Drosophila, the developmental period cannot be extended to a large degree, especially under deteriorating conditions, owing to the risk of being unable to complete development. The critical stage must be set at a relatively early stage.
A lower mean critical weight also allows the larvae to develop at lower food rations, showing a higher survival rate and faster development. Royes & Robertson (1964) showed that D. funebris, which shows a smaller mean critical weight than D. immigrans, is able to develop under poorer food conditions. Similar patterns were observed in Table 3 Logit regression analysis testing the effect of line combinations and temperature on the fraction pupariation. The main factors log larval weight (W), food (F), temperature (T) and line (L) were tested ®rst. All models contain separate parameters for the main effect of Lines. Models include separate parameters for weight-independent mortality d for both food levels.
Oncopeltus, where larger (sub)species with higher mean critical weights show a stronger increase in mortality and developmental period in response to poor growth conditions (Blakley & Goodner, 1978; Blakley, 1981) . However, the mean critical weight in D. melanogaster (Church & Robertson, 1966; Bakker, 1969) and in Oncopeltus (Blackley, 1981) is positively correlated over strains with adult body size. Both cases suggest that the mean critical weight may have evolved in response to the trade-off between a larger adult size and the ability to develop under poor growth conditions.
